Introduction
============

Mesangial cells (MCs) are essential in physiological functions, including the regulation of intraglomerular capillary flow, phagocytosis and removal of foreign bodies, secretion of cytokines, and generation of extracellular matrix (ECM) ([@b1-ijmm-41-06-3278]). However, these cells are vulnerable to the effect of various stimuli, which can give rise to kidney damage by releasing inflammatory factors and ECM components, ultimately leading to glomerular sclerosis and interstitial fibrosis. Patients suffering the effects of these diseases experience the development of end-stage renal disease after several years owing to renal fibrosis ([@b2-ijmm-41-06-3278],[@b3-ijmm-41-06-3278]). Therefore, the inhibition of MC proliferation has become an important therapy in treating glomerular proliferative diseases. MRL/lpr lupus nephritis (LN) in mice is characterized by the activation of MCs in the kidney leading to the uncontrolled release of inflammatory mediators. The renal pathology of LN in mice includes the proliferation of MCs and thickening of the mesangial matrix at the age of \~24 weeks ([@b4-ijmm-41-06-3278]). Therefore, MRL/lpr LN mice are well recognized as a representative pathological model of human MC proliferative nephropathy ([@b5-ijmm-41-06-3278],[@b6-ijmm-41-06-3278]).

Apoptosis, a specialized form of cellular suicide, is important in a broad range of physiological functions, including cell growth, morphogenesis, tissue homeostasis and immunity. Members of the B-cell lymphoma-2 (Bcl-2) family of proteins are essential in regulating apoptosis ([@b7-ijmm-41-06-3278]-[@b9-ijmm-41-06-3278]). The effects of Bcl-2, Bcl-extra large (xL) and Bcl-2-associated X protein (Bax) proteins on the regulation of MC apoptosis *in vivo* and *in vitro* have been investigated previously. It has been suggested that expression levels of Bcl-2 and Bcl-xL in MCs are positively correlated with the downregulation of apoptosis, whereas the overexpression of Bax protein facilitates a process of apoptosis ([@b10-ijmm-41-06-3278]-[@b12-ijmm-41-06-3278]). This suggests that the regulation of intrinsic targets, including the Bcl-2 family of proteins, is a potential strategy for the development of MC anti-proliferation agents.

An intracellular signaling pathway implicated in the regulation of apoptosis is the protein kinase B (AKT) cascade ([@b13-ijmm-41-06-3278],[@b14-ijmm-41-06-3278]). AKT is mainly activated by growth factors, and is associated with cell proliferation, differentiation and cell death. Gong *et al* ([@b15-ijmm-41-06-3278]) reported that aplysin inhibits cell proliferation and induces apoptosis *in vitro*, possibly through suppressing the phosphatidylinositol 3-kinase (PI3K)/AKT pathway. *In vivo*, the tissues of AKT1-knockout mice with increased apoptosis was smaller, compared with the tissues of wild-type littermates ([@b16-ijmm-41-06-3278]). In LN mice, MC proliferation has been shown to be a critical event, in which the phosphorylation of AKT becomes overexpressed ([@b17-ijmm-41-06-3278]). These data suggest that the abnormal proliferation of MCs may be associated with the inhibition of apoptosis induced by the expression of overactive AKT.

Trifluoperazine (TFP) is a calmodulin inhibitor, and a classic anxiolytic and antipsychotic drug. Previous investigations have demonstrated that TFP can arrest cell cycle, inhibit cell proliferation and induce apoptosis. Previous studies have reported that TFP suppressed the proliferation of fibrosarcoma HT1080, leukemia, breast cancer and human A549 lung adenocarcinoma cells by regulating different signaling pathways ([@b18-ijmm-41-06-3278]-[@b20-ijmm-41-06-3278]). Yeh *et al* ([@b21-ijmm-41-06-3278]) reported that TFP inhibited cancer stem cell proliferation by suppressing the apoptotic pathway. However, the role and mechanism of TFP in MC remain to be fully elucidated.

The present study aimed to investigate the effects of TFP on the progression of cell proliferation and cell apoptosis in an MC line *in vivo* and *in vitro*.

Materials and methods
=====================

Animals
-------

A total of 10 six-week-old female C57BL/6 mice weighing \~20±5 g were purchased from the Experimental Animal Center of Shanxi Medical University (Taiyuan, China); 20 female MRL/lpr LN mice (\~22±5 g, 8-weeks-old) were purchased from the Model Animal Institute of Nanjing University (induced from Jackson Laboratory, Ben Harbor, ME, USA). The mice were housed under controlled pathogen-free environmental conditions (temperature 22°C, 12 h light-dark cycle). Animals were given free access to water and fed a standard laboratory diet. The experiments were performed according with protocols approved by the Institutional Animal Care and Use Committee of Shanxi Medical University.

Treatment protocols
-------------------

The mice were randomly divided into three groups (n=6/group): Control group, LN group, and LN+TFP group. The animals in the LN+TFP group were intraperitoneally injected with 20 mg/kg·day TFP (Sigma-Aldrich; Merck Millipore, Darmstadt, Germany) at 12 weeks of age. The mice in the LN group received the same injection ratio, but of saline. After 12 weeks, the animals were sacrificed. Peripheral blood and kidney samples were obtained, and the renal samples were embedded in paraffin for histopathological and immunohistochemical analysis. Additional renal tissue was acquired and immediately frozen in liquid nitrogen until analysis.

Immunohistochemistry
--------------------

The renal samples were fixed in 10% formalin at room temperature for \>48 h and embedded in paraffin. Serial 5-*μ*m sections were deparaffinized in xylene and rehydrated using sequential passage with 100, 95, 80 and 70% ethanol for 10 min each followed by three washes with distilled water. Unspecific staining was blocked with 1.5% standard goat serum (ab138478; Abcam, Cambridge, UK) for 15 min at room temperature and then incubated at 4°C overnight with 1:100 diluted primary Ki67 antibodies (sc-23900; Santa Cruz Biotechnology, Inc., Dallas, TX, USA). Sections maintained in PBS were used as a negative control. The tissue was incubated with a pre-diluted horseradish peroxidase-conjugated secondary antibody (PV-9000; ZSGB-BIO Technology, Co., Ltd., Beijing, China) for 1 h at room temperature. The immunohistochemical analysis was performed in a blinded manner by two independent investigators. Mice glomeruli (10 per mouse) were examined in a blinded manner at each time point using high-power light microscopy (magnification, ×400). ImageJ software 6.0 (National Institutes of Health, Bethesda, MD, USA) was used to quantitatively count the number of Ki67-positive cells and total glomerular cells. Ki67 relative density was calculated as the ratio of Ki67-positive cells to total glomerular cells.

H&E staining
------------

The formalin-fixed tissue was embedded in paraffin, and sections of 5-*μ*m thickness were cut, deparaffinized in xylene and rehydrated in a descending alcohol series. The sections were conducted via sequential passage. Sections were stained with hematoxylin for 5 min at room temperature, differentiated in 1% acid alcohol for 30 sec, blued in 0.2% ammonia water for 30 sec and subsequently stained with eosin for 15 sec at room temperature. Mice glomeruli (10 per mouse) were obtained in a blinded manner at each time point using high-power light microscopy (magnification, ×400). ImageJ software 6.0 (National Institutes of Health) was used to count the number of mesangial cells.

Cell culture and treatments
---------------------------

The T-SV40 ([@b22-ijmm-41-06-3278]) human mesangial cell line was donated by Dr Xuewang Li of Peking Union Medical College Hospital (Beijing, China). The cells were cultured in RMPI-1640 medium (HyClone; GE Healthcare Life Sciences, Logan, UT, USA) containing 10% fetal bovine serum (FBS; GE Healthcare Life Sciences) at 37°C with 5% CO~2~. The cells at \~70% confluence were planted in serum-free medium for 24 h, and treated with 10 and 20% FBS as control and model groups, respectively. Different concentrations of TFP (0, 5, 10, 20 and 30 *μ*M) were added to the corresponding groups. Another grouping method in the present study comprised normal cells, which were treated with 20 ng/ml platelet-derived growth factor (PDGF; PeproTech, Inc. Rocky Hill, NJ, USA), and cells treated with PDGF and 20 *μ*M TFP (PDGF+TFP) to detect the AKT signaling pathway.

Cell counting kit-8 (CCK-8) assay and cell counting
---------------------------------------------------

The MCs were grown at a density of 5×10^3^ cells/well in 96-well plates and cell viability was assessed using a CCK-8 assay (Beyotime Institute of Biotechnology, Jiangsu, China) in accordance with the manufacturer\'s protocols. The cells were grown in 96-well plates at a density of 10^6^ cells/well and treated with 10 or 20% FBS and different concentrations of TFP (0, 5, 10, 20 and 30 *μ*M) for 24 h. Following the relative treatment, 10 *μ*l CCK-8 solution was added to each well, and the cells in the plate were incubated at 37°C for 2 h The absorbance was measured at a test wavelength of 450 nm and a reference wavelength of 650 nm on an automated reader (Bio-Rad Model 550; Bio-Rad Laboratories, Inc., Hercules, CA, USA). Cell survival was calculated according the optical density (OD) as a percentage using the following formula: Cell survival (%) = (mean OD of treated cells/mean OD of control cells) ×100. The results were calculated as a percentage of the untreated control cells. For cell counting, the MCs were seeded into 24-well plates at a density of 1×10^5^ cells per well. Following treatment, the cells were harvested and counted. The living cell population was estimated using a trypan blue dye exclusion test; cells were counted under a low-power light microscope (magnification, ×40).

Flow cytometric analysis of apoptosis
-------------------------------------

The effects of TFP on cell apoptosis were analyzed using flow cytometry. The cells were treated with 10 or 20% FBS and TFP (0, 5, 10 and 20 *μ*M) for 24 h. The cells were then centrifuged at 447.2 × g and 4°C for 10 min and washed twice with PBS. The supernatant was then discarded and the cells were processed with an Annexin V/PI staining apoptosis detection kit (Aria II; BD Biosciences, Franklin Lakes, NJ, USA) according to the manufacturer\'s protocols. The cells were separated into three groups: Viable, early apoptotic, and late apoptotic or dead. Viable cells exhibit only weak Annexin V staining of the cellular membrane, whereas early apoptotic cells exhibit a significantly higher degree of surface labeling. Late apoptotic or dead cells exhibit membrane staining by Annexin V and marked nuclear staining by propidium iodide. Following staining, cell apoptosis was analyzed by the number of early apoptotic cells using a flow cytometer (Beckman Coulter, Inc., Palo Alto, CA, USA).

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis
-------------------------------------------------------------------------------

Total RNA was extracted from the MCs or mouse tissues independently using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocols. The spectrophotometer (Thermo Fisher Scientific, Inc.) was used to measure the concentration of RNA in each sample. Total RNA (2 *μ*g) was reverse transcribed to cDNA using a reverse transcription kit (Takara Bio, Inc., Otsu, Japan). The qPCR analysis was performed using SYBR Premix Ex Taq (2X) (RR820A; Takara Bio, Inc.). A total of 2 *μ*l cDNA (\<100 ng), 10 *μ*l buffer, 0.3 *μ*l forward primer, 0.3 *μ*l reverse primer and double-distilled water (ddH~2~O) ≤20 *μ*l. The qPCR thermal cycling protocol was programmed in the CFX96™ Real-Time PCR Detection system (Bio-Rad Laboratories, Inc.) and consisted of an initial denaturation step at 95°C for 30 sec, followed by 40 cycles of denaturation for 5 sec at 95°C, and annealing and extension for 30 sec at 56°C. The β-actin (mouse tissue) or GAPDH (MC cell) gene was used as the internal control. The primers used for mouse tissues were as follows: Bcl-2 forward, 5′-CTTCAGGGATGGGGTGAACT-3′ and reverse, 5′-CAGCCTCCGTTATCCTGGAT-3′; Bax forward, 5′-TCATGAAGACAGGGGCCTTT-3′ and reverse, 5′-GTCCACGTCAGCAATCATCC-3′; β-actin forward, 5′-CCTCTATGCCAACACAGTGC-3′ and reverse, 5′-CCTGCTTGCTGATCCACATC-3′. The primes for MCs were as follows: Bax forward, 5′-AAGCTGAGCGAGTGTCTCAAG-3′ and reverse, 5′-CAAAGTAGAAAGGGCGACAAC-3′; Bcl-2 forward, 5′-TGGGAGAACAGGGTACGATAAC-3′ and reverse, 5′-GAACTCAAAGAAGGCCACAATC-3′; GAPDH forward, 5′-GGGAAACTGTGGCGTGAT-3′ and reverse, 5′-GAGTGGGTGTCGCTGTTGA-3′. The mRNA levels were normalized to internal control and assessed using the 2^−∆∆Cq^ method ([@b23-ijmm-41-06-3278]).

Western blot analysis
---------------------

The MCs or kidney tissue were lysed in radioimmunoprecipitation assay lysis buffer (Beyotime Institute of Biotechnology) and centrifuged at 14,000 × g for 10 min at 4°C. The protein was collected and concentration was determined using a BCA assay kit (Nanjing KeyGen Biotech Co., Ltd., Nanjing, China). Samples containing 60 *μ*g of protein were resolved via 12% SDS-PAGE and transferred onto nitrocellulose membranes (Whatman International, Ltd., Maidstone, UK). Following blocking with 5% skimmed milk powder in Tris-buffered saline (50 mmol/l Tris-base and NaCl) and 0.1% Tween-20 at room temperature for 70 min, the membranes were incubated with the following primary antibodies overnight at 4°C: Bcl-2 (cat. no. SC-492), Bax (cat. no. SC-526), phosphorylated (p-)AKT/Thr308 (p-AKT) (cat. no. SC-16646-R), AKT (cat. no. SC-8312) and β-actin (sc-4967S) antibodies (dilution 1:200) from Santa Cruz Biotechnology, Inc. Following being washed three times for 15 min with TBST buffer, the membranes were incubated with a corresponding horseradish peroxidase-conjugated secondary antibody (1:5,000, ZB-5301; ZSGB-BIO Technology, Co., Ltd.) for 1 h at room temperature and analyzed using the Quantity One analysis system, version 4.62 version (Bio-Rad Laboratories, Inc.)

Measurement of renal and liver function
---------------------------------------

Blood urea nitrogen (BUN) and serum creatinine (Cr), two key renal function markers, were determined with commercially available kits according to the manufacturer\'s protocols (cat. nos. KA0201 and KA0314, respectively; Shanghai Yuanye Science and Technology Co., Ltd., Shanghai, China). The observation absorbance was read at 450 nm. The same ELISA procedure was used for aspartate aminotransferase (AST), a key liver function marker (cat. no. KA0565; Shanghai Yuanye Science and Technology Co., Ltd.) according to the manufacturer\'s protocols.

Statistics analysis
-------------------

The statistical analyses were performed with SPSS 19.0 (IBM SPSS, Armonk, NY, USA). The values are expressed as the mean ± standard deviation. Data analyses were performed using one-way analysis of variance tests followed by two-tailed t-test post-hoc comparisons. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

TFP reduces MC proliferation in vitro
-------------------------------------

The CCK-8 assay showed time- and dose-dependent inhibition of MC proliferation elicited by TFP. With an increased concentration of TFP and duration of treatment, the percentage of viable cells was significantly decreased, particularly following treatment with 20 *μ*M TFP ([Fig. 1A and B](#f1-ijmm-41-06-3278){ref-type="fig"}). The results of the CCK-8 assay were reinforced using the cell counting assay. Proliferation of the cells in response to TFP was significantly inhibited in a time- and dose-dependent manner in the MCs ([Fig. 1C](#f1-ijmm-41-06-3278){ref-type="fig"}).

TFP promotes MC apoptosis in vitro
----------------------------------

To examine whether TFP treatments induced apoptosis, the MCs were treated with various concentrations of TFP for 24 h. The results of flow cytometry showed that TFP treatments induced a significant increase in of Annexin V-positive cell populations in a dose-dependent manner ([Fig. 2A](#f2-ijmm-41-06-3278){ref-type="fig"}). In the experiment, Bcl-2 and Bax were the two important apoptosis-related proteins regulating cellular apoptosis. It was observed that TFP (5, 10 and 20 *μ*M) treatment decreased the level of Bcl-2 and increased the expression of Bax in a dose-dependent manner. This was observed at the gene and protein levels ([Fig. 2B and C](#f2-ijmm-41-06-3278){ref-type="fig"}).

TFP suppresses 20% FBS-stimulated MC proliferation
--------------------------------------------------

The present study demonstrated that TFP inhibited the proliferation of normal MCs by promoting cellular apoptosis. Subsequently, MC proliferation was stimulated with exogenous factors (20% FBS), and whether TFP inhibited this effect was examined. The results revealed that, following treatment with 20% FBS, the proliferation rate of the cultured MCs was significantly increased, compared with that of the 10% FBS-treated MCs (P\<0.05). Following TFP treatment, the proliferation rate of MCs cultured with 20% FBS was significantly lower, compared with that in the 20% FBS control group (P\<0.05; [Fig. 3A](#f3-ijmm-41-06-3278){ref-type="fig"}). Compared with the 20% FBS group, the apoptotic rates were lower in the normal (10% FBS) group and increased following TFP treatment ([Fig. 3B](#f3-ijmm-41-06-3278){ref-type="fig"}). Compared with the 20% FBS control group, the protein levels of Bcl-2 were significantly decreased in the 20% FBS-cultured MC following TFP treatment (P\<0.05), whereas the expression of Bax was higher in the TFP-treated cells, compared with that in the control group ([Fig. 3C](#f3-ijmm-41-06-3278){ref-type="fig"}).

TFP promotes MC apoptosis in vivo
---------------------------------

In order to further examine whether TFP inhibits the proliferation of MCs by inducing MC apoptosis *in vivo*, the present study measured cell proliferation rates, and levels of apoptosis-related factors Bcl-2 and Bax in the kidney tissues of mice. H&E staining indicated diffuse proliferation of MCs and the glomerular matrices of LN mice, compared with the control, which decreased following treatment with TFP for 3 months ([Fig. 4A](#f4-ijmm-41-06-3278){ref-type="fig"}). The results of Ki-67 immunohistochemical analysis confirmed these findings ([Fig. 4B](#f4-ijmm-41-06-3278){ref-type="fig"}). The apoptosis-related proteins Bcl-2 and Bax in the kidney tissue were also detected using western blot analysis. Compared with those in the normal group, the expression levels of anti-apoptotic Bcl-2 and pro-apoptotic Bax were increased. However, the Bax/Bcl-2 ratio was decreased in the LN group. Compared with the LN group, the expression of Bcl-2 was decreased whereas the expression of Bax was increased. However, the Bax/Bcl-2 ratio was increased in the LN+TFP group ([Fig. 4C](#f4-ijmm-41-06-3278){ref-type="fig"}).

Effect of TFP on renal function in LN mice
------------------------------------------

The effect of TFP on renal function in LN mice was investigated. The level of BUN was significantly higher in the LN group (22.84±0.56 mM), compared with that in the normal group (16.57±3.46 mM). However, the level of BUN was significantly decreased in the TFP-treated LN mice (19.99±0.92 mM) ([Fig. 5A](#f5-ijmm-41-06-3278){ref-type="fig"}). The serum Cr levels exhibited the same trend, with levels of 143.54±23.35, 237.19±13.70 and 210.56±36.26 *μ*M in the normal, LN and LN+TNF groups, respectively ([Fig. 5B](#f5-ijmm-41-06-3278){ref-type="fig"}). These data confirmed that TFP improved the renal function in LN mice.

TFP toxic effects of TFP in LN mice
-----------------------------------

The present study also performed drug toxicity experiments with TFP *in vivo*. The level of AST was significantly higher in the LN group (108.40±7.17 U/l) and LN+TFP (110.20±10.51 U/l), compared with that in the normal group (72.18±6.13 U/l). However, no significant differences were found between the LN group and TFP-treated LN group ([Fig. 6A](#f6-ijmm-41-06-3278){ref-type="fig"}). No significant differences in body weight change (post-pre) were observed between the mice in the LN group (5.12±1.07 g) and those in the TFP-treated LN group (5.07±0.77 g) ([Fig. 6B](#f6-ijmm-41-06-3278){ref-type="fig"}). These results indicated that the intraperitoneal administration of TFP did not produce marked toxic effects in LN mice.

Reduced protein expression of AKT in MCs by TFP
-----------------------------------------------

The results of the western blot analysis showed that TFP significantly and dose-dependently decreased the level of p-AKT in MCs, compared with that in the control group ([Fig. 7A](#f7-ijmm-41-06-3278){ref-type="fig"}). To further examine whether TFP inhibited the AKT pathways associated with apoptosis, PDGF was used to stimulate MCs. PDGF induced the phosphorylation of AKT, decreased the levels of Bcl-2 and increased the expression of Bax. However, following treatment with TFP, the opposite trend was observed ([Fig. 7B](#f7-ijmm-41-06-3278){ref-type="fig"}). These data demonstrated that TFP inhibited the AKT pathways and this may be involved in the TFP-induced apoptosis of MCs.

Discussion
==========

The present study examined whether TFP had a potential effect on the activity of MCs. It was found that TFP applied *in vitro* and *in vivo* significantly inhibited the proliferation of MCs, induced apoptosis and improved renal function in MRL/lpr LN mice without exhibiting any major adverse effects. These analyses showed that TFP inhibited the expression of p-AKT, indicating that TFP may inhibit MCs through promoting apoptosis, at least in part via the AKT signaling pathway.

The proliferation of MCs induced by various factors is detrimental as it accelerates kidney damage and promotes glomerulosclerosis. Therefore, the inhibition of MC proliferation has emerged as an important treatment option for proliferative glomerular diseases. Several previous studies ([@b18-ijmm-41-06-3278]-[@b20-ijmm-41-06-3278]) have shown that TFP can inhibit the proliferation of cancer cells. In the present study, it was found that TFP also inhibited the MC proliferation *in vitro*, as shown in [Fig. 1](#f1-ijmm-41-06-3278){ref-type="fig"}.

Apoptosis is a genetically programmed cell death and has a key function in the repair process evoked by proliferative diseases. In the repair process during inflammation caused by proliferative renal disease, apoptosis avoids the excessive proliferation of MCs ([@b24-ijmm-41-06-3278]). Bcl-2 and Bax proteins are the two principal members of the Bcl-2 multi-gene family. Bcl-2 prevents apoptosis, whereas Bax produces a pro-apoptotic effect ([@b25-ijmm-41-06-3278]). The present study revealed that TFP treatment resulted in notable rises in Annexin V-positive cell populations and augmented the Bax/Bcl-2 ratio in a dose-dependent manner, as shown in [Fig. 2](#f2-ijmm-41-06-3278){ref-type="fig"}. These results are consistent with those reported for TFP in other diseases and tissue types ([@b19-ijmm-41-06-3278],[@b21-ijmm-41-06-3278],[@b26-ijmm-41-06-3278]). The present study showed that TFP upregulated the ratio of Bax/Bcl-2 to promote MC apoptosis *in vitro*.

The present study also confirmed that TFP inhibited normal MC proliferation by promoting the apoptosis pathways described above. A higher concentration of serum (20% FBS) was used to stimulate MCs and cause them to proliferate abnormally, prior to treating the MCs with TFP to antagonize the effect. The results showed that high concentrations of serum accelerated cell proliferation and inhibited cell apoptosis. However, the use of TFP together with a high concentration of serum in the cell resulted in the cell proliferation rate being \<20% of that in the serum culture group with the additional promotion of cell apoptosis, as shown in [Fig. 3](#f3-ijmm-41-06-3278){ref-type="fig"}. Therefore, TFP antagonized the abnormal proliferation of MCs induced by exogenous factors *in vitro*.

For the *in vivo* experiment, an MRL/lpr LN mouse model was used to examine the effect of TFP on MCs. As shown in [Fig. 4A and B](#f4-ijmm-41-06-3278){ref-type="fig"}, the data showed that TFP inhibited the abnormal proliferation of MCs in the LN mice. It was observed that the protein expression levels of Bax and Bcl-2 were higher in the LN mice, compared with those in the normal mice. This result was consistent with a study by Cui *et al* ([@b27-ijmm-41-06-3278]). The present study aimed to further understand the underlying factors, and it was found that the ratio of Bax/Bcl-2 was lower in LN mice, compared with that in normal group mice. This suggested that Bcl-2 was more important in inhibiting the apoptosis of MCs in LN, compared with Bax. Following TFP treatment, the ratio of Bax/Bcl-2 was upregulated, which promoted apoptosis. The findings *in vivo* were consistent with those *in vitro*. These results revealed that TFP upregulated the ratio of Bax/Bcl-2 to promote MC apoptosis.

The activation of MCs can lead to damage to renal function, therefore, the present study investigated whether TFP can alleviate renal pathological injury and improve renal function following inhibiting MCs. The, two blood measurements of BUN and serum Cr are important indicators of renal function as they are easily measured. An increase in these indicators in the blood predicts significant damage to functioning nephrons. In the present study, the levels of these indicators indicated severe injury in the LN mice group; a salient decrease was observed following TFP treatment (20 mg/kg·day for 12 weeks), as shown in [Fig. 5](#f5-ijmm-41-06-3278){ref-type="fig"}. These results indicated that TFP slowed the progression of LN in the model mice and was accounted for by the inhibited proliferation of MCs. Of note, no significant changes in behavior, mental state, diet or sleep were observed following intraperitoneal administration of TFP in the LN mice. Compared with the control group, no significant differences in liver function or change in body weight were found between the LN group and TFP-treated LN group, as shown in [Fig. 6](#f6-ijmm-41-06-3278){ref-type="fig"}.

AKT is a serine/threonine kinase, which is important in the regulation of cell proliferation, survival/apoptosis, angiogenesis and protein synthesis ([@b28-ijmm-41-06-3278],[@b29-ijmm-41-06-3278]). In previous years, several reports have consistently observed that AKT is frequently activated among several types of cancer, initiating a potent anti-apoptotic signal ([@b30-ijmm-41-06-3278]). Shimamura *et al* reported that the proliferation of MCs *in vitro* was associated with the PI3K/AKT signaling pathway, which led to proliferation by inhibiting apoptosis ([@b31-ijmm-41-06-3278]). Gong *et al* reported that aplysin effectively inhibited the growth of a glioma and induced apoptosis via suppressing the PI3K/AKT signaling pathway ([@b15-ijmm-41-06-3278]). Therefore, the effect of TFP on MC apoptosis may also be associated with the PI3K/AKT signaling pathway. The present study aimed to elucidate this interaction and quantify the effect of TFP on the PI3K/AKT signaling pathway. The results of the present study showed that TFP significantly and dose-dependently decreased the levels of p-AKT, as shown in [Fig. 7A](#f7-ijmm-41-06-3278){ref-type="fig"}. To further establish whether TFP can inhibit AKT pathways, PDGF was used to stimulate MCs as a positive control. This induces the phosphorylation of AKT and affects the AKT signaling pathway to decrease the level of apoptosis ([@b32-ijmm-41-06-3278]). The present study showed that, following treatment with TFP, the recorded trend was opposite to that observed in the PDGF group without TFP; a downregulation of p-AKT and corresponding increases to the Bax/Bcl-2 ratio were observed, as shown in [Fig. 7B](#f7-ijmm-41-06-3278){ref-type="fig"}. The findings revealed that TFP upregulated the levels of apoptosis, at least in part via suppressing AKT signaling pathways in MCs.

In conclusion, TFP inhibited the proliferation of human MCs *in vitro* and *in vivo* via promoting apoptosis (augmenting the Bax/Bcl-2 ratio), at least in part by suppressing the AKT signaling pathway ([Fig. 8](#f8-ijmm-41-06-3278){ref-type="fig"}). Further investigations on the anti-proliferative efficiency of TFP and the underlying mechanisms are required to broaden this understanding. In continuation of the present study, future investigations aim to examine the effect of TFP on cell cycle. The Food and Drug Administration approval concerning TFP suggests that it is a safe drug to use in large populations and that it has manageable or tolerable side effects ([@b33-ijmm-41-06-3278]); therefore, these findings may provide a novel strategy for the treatment of LN.
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![TFP inhibits the proliferation of MCs. MCs were treated with various concentrations (5, 10, 20 and 30 *μ*M) of TFP for the indicated durations (12, 24 and 36 h). (A) Cell viability was assessed using a cell counting kit-8 assay. (B) Percentage cell survival was calculated as follows: Cell survival (%) = (OD treated cells/OD cells with vehicle solvent) ×100. (C) Cell counting assays were performed to plot cell viability. All data are presented as the mean ± standard deviation of six separate experiments (n=6). ^\*^P\<0.05, \*\*P\<0.01 and ^\*\*\*^P\<0.001, vs. con. MCs, mesangial cells; TFP, trifluoperazine; con, control; OD, optical density.](IJMM-41-06-3278-g00){#f1-ijmm-41-06-3278}

![TFP promotes MC apoptosis *in vitro*. MCs were treated with various concentrations (0, 5, 10 and 20 *μ*M) of TFP for 24 h. (A) Cell apoptotic rate was detected using an Annexin V/propidium iodide apoptosis assay. (B) mRNA expression levels of Bcl-2 and Bax were detected using reverse transcription-quantitative polymerase chain reaction analysis. (C) Protein expression levels of Bcl-2 and Bax were detected using western blot analysis. All data are presented as the means ± standard deviation of three separate experiments (n=3). ^\*^P\<0.05 and ^\*\*^P\<0.01, vs. con. MCs, mesangial cells; TFP, trifluoperazine; con, control; Bcl-2, B-cell lymphoma-2; Bax, Bcl-2-associated X protein.](IJMM-41-06-3278-g01){#f2-ijmm-41-06-3278}

![Effect of TFP on cell apoptosis, and protein expression of Bcl-2 and Bax in MCs stimulated to proliferate with 20% FBS. (A) TFP antagonized 20% FBS-stimulated MC proliferation. Cell viability was detected using a cell counting kit-8. (B) Flow cytometry was used to analyze the apoptosis of MCs exposed to 20% FBS treated with TFP (20 *μ*mol/l) for 24 h. (C) Protein expression levels of Bcl-2 and Bax were detected using western blot analysis. All data are presented as the mean ± standard deviation of three separate experiments (n=3). ^\*^P\<0.05, ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001. MCs, mesangial cells; TFP, trifluoperazine; Bcl-2, B-cell lymphoma-2; Bax, Bcl-2-associated X protein; OD, optical density.](IJMM-41-06-3278-g02){#f3-ijmm-41-06-3278}

![TFP promotes cellular apoptosis in LN mice *in vivo*. (A) H&E staining (magnification, ×400). (B) Ki67 immunohistochemistry (magnification, ×400). (C) Protein expression levels of Bcl-2 and Bax were analyzed using western blot analysis (n=6). ^\*^P\<0.05 and ^\*\*^P\<0.001, vs. LN. N, normal; LN, lupus nephritis; MCs, mesangial cells; TFP, trifluoperazine; Bcl-2, B-cell lymphoma-2; Bcl-2-associated X protein; H&E, hematoxylin and eosin.](IJMM-41-06-3278-g03){#f4-ijmm-41-06-3278}

![(A and B) TFP reduces levels of urea nitrogen and creatinine in serum of LN mice. Data are presented as the mean ± standard deviation (n=6). ^\*^P\<0.05 and ^\*\*^P\<0.001 vs. LN. N, normal; LN, lupus nephritis; TFP, trifluoperazine.](IJMM-41-06-3278-g04){#f5-ijmm-41-06-3278}

![Effect of TFP on liver function and body weight of LN mice. (A) TFP had no effect on the level of aspartate aminotransferase in the serum of LN mice. (B). TFP had no effect on body weight changes in LN mice. Data are presented as the mean ± standard deviation (n=6). ^\*\*^P\<0.001, vs. Con. Con, control; LN, lupus nephritis; TFP, trifluoperazine.](IJMM-41-06-3278-g05){#f6-ijmm-41-06-3278}

![TFP-mediated inhibition of the phosphorylation of AKT. (A) MCs were treated with various concentrations (0, 5, 10 and 20 *μ*M) of TFP for 24 h. Protein levels of AKT and p-AKT were determined using western blot analysis. Data are expressed as the mean ± standard deviation of six experiments per group (n=6), ^\*^P\<0.05 and ^\*\*^P\<0.001 vs. Con. (B) MCs were induced by platelet-derived growth factor (20 ng/ml) for 24 h with or without TFP (20 *μ*M) treatment. Effects of TFP on protein expression levels of p-AKT, Bcl-2 and Bax in the MCs were determined using western blot analysis. Data are expressed as the mean ± standard deviation of six experiments per group. (n=6). ^\*^P\<0.05 and ^\*\*^P\<0.001 vs. Con. MCs, mesangial cells; TFP, trifluoperazine; Con, control; Bcl-2, B-cell lymphoma-2; Bcl-2-associated X protein; p-, phosphorylated.](IJMM-41-06-3278-g06){#f7-ijmm-41-06-3278}

![Proposed mechanisms of the effects of TFP on MC proliferation through cell apoptosis. MCs, mesangial cells; TFP, trifluoperazine; Bcl-2, B-cell lymphoma-2; Bcl-2-associated X protein; p-, phosphorylated.](IJMM-41-06-3278-g07){#f8-ijmm-41-06-3278}
